Using homobifunctional chemical cross-linkers with various span distances, we have determined the near-neighbor associations and planar organization of the El and E2 envelope glycoproteins which compose the icosahedral surface of Sindbis virus. We have found that El-E2 heterodimers, which form the virus protomeric units, exist in two conformationally distinct forms, reflecting their nonequivalent positions in the icosahedron. Three of these heterodimers form the trimeric morphologic units (capsomeres) which are held together by central El-El interactions. In addition, we present data which suggest that E2-E2 interactions organize the capsomeres into pentameric and hexameric geometric units and that El-El interactions between capsomeres maintain the icosahedral lattice in mature virions.
Sindbis virus, the prototype alphavirus, comprises an icosahedral nucleocapsid surrounded by a host-derived lipid membrane containing 240 copies of each of the two viral glycoproteins, El and E2, arranged into a T= 4 icosahedral lattice (1, 5, 13, 17) . The virus has an average diameter of approximately 70 nm when viewed by cryoelectron microscopy (13) .
The protomeric unit of the Sindbis virus membrane-based icosahedron is thought to be a heterodimer of El (63 kDa) and E2 (59 kDa) which is maintained by disulfide bridges and remains stable even after solubilization of the membrane with detergent (20, 35, 41, 42) . Cross-linking experiments reported by Rice and Strauss (29) indicate that the protomers of Sindbis virus aggregate to form a capsomere containing a total of 6 proteins ([E1-E2]3). A thorough understanding of virus structure is possible only through X-ray crystallography. While many nonenveloped viruses have been crystallized, yielding three-dimensional structures at atomic resolution (2, 20, 26) , satisfactory crystals of intact enveloped virions have not been obtained. High-resolution, threedimensional analysis of the influenza virus membrane protein, HA, has been done after enzymatic cleavage from the membrane surface (39) ; however, the nature of the intertrimer relationships in the virion itself, if any, is not known. Indeed, the organization of the protein lattice in the bilayer of any enveloped virus has not been determined. In the absence of X-ray diffraction data, other methods to define the topological interactions of the envelope proteins responsible for virus assembly, stability, and subsequent disassembly during infection of a host cell must be found.
Chemical cross-linkers have been used in our laboratory (4) and in other laboratories to determine near-neighbor associations and spatial arrangement between proteins in complex biological aggregates such as erythrocyte proteins, the major histocompatibility complex proteins, adenovirus, Sendai virus, human immunodeficiency virus, murine and feline leukemia viruses, influenza virus, parvovirus, Semliki Forest virus, vesicular stomatitis virus, and ribosomes (6-9, 12, 15, 21, 23, 25, 31, 32, 36, 38, 40) . Recently, Watts and Coombs (37) have used cross-linkers to determine the twodimensional structure of the bacteriophage T4 baseplate, a structure containing 17 different proteins. Indeed, the only * Corresponding author. information available on the spatial arrangement of protein components in several of the examples cited above has been obtained through the use of chemical cross-linkers.
The rationale behind the use of chemical cross-linkers for structural studies is based on their specificity and their well-defined reactivity. If two proteins can be locked together by a linkage that is shorter than 2 nm and that linkage is nonrandom and repeatable, then the near-neighbor contacts detected in the complex are structurally significant. In a geometrically ordered array with a defined number of components, the subunit organization can be characterized with a minimal amount of information on substructure contacts (3, 14, 24) .
The research reported in this manuscript used chemical cross-linkers, among other techniques, to identify the planar and spatial organization of El and E2 on the surface of Sindbis virus. This study also characterizes the rearrangement of this organization induced by detergent treatments and exposure of the virus to acidic pH conditions.
MATERIALS AND METHODS
Cells, virus, and medium. Baby hamster kidney cells, strain 21 (BHK-21), were grown as monolayers in minimal essential medium supplemented with 10% (vol/vol) fetal calf serum, 5% tryptone phosphate broth, 1 mM glutamine, and 1% gentamicin and were grown at 37°C.
The growth of nonradiolabeled and [35S]methionine-radiolabeled Sindbis virus has been described elsewhere (15 6.8) , except in the case of DTBP, which is cleavable with thiol agents. In this case the reaction mixtures were dissolved in sample buffer lacking 2-mercaptoethanol. Samples were then heated in 100°C for 5 min before analysis by SDS-polyacrylamide gel electrophoresis (PAGE) (4), except for DTBP complexes, which were heated to 60°C for 5 min to limit cross-linker cleavage.
In order to study virus disassociation, virions were treated with the detergent Triton X-100 (Pierce) at a concentration of 0.24, 0.74, or 1.5 mM for 15 min at 39°C prior to crosslinking. Cross-linking treatments of Triton X-100-solubilized virus were adjusted to make final concentrations of crosslinker identical to those in non-detergent-treated controls. Preparation of samples for SDS-PAGE was identical to that mentioned above.
First-and second-dimension SDS-PAGE. Identical 4 to 10% gradient SDS-PAGE (14 by 12 by 0.15 cm) gels were used to resolve oligomers stabilized by chemical cross-linking. The polyacrylamide gels were modifications of the gels described previously by Coombs and Brown (4). The stacking gels were made with 3% (wt/vol) acrylamide in Tris-HCl buffer (pH 6.8), and the linear 4 to 10% (wt/vol) acrylamide separating gels were made with Tris-HCl buffer (pH 8.3). SDS (2%) was used throughout the slab gels and in the running buffer (Tris-HCl [pH 8.3], 200 mM glycine). Samples were prepared for electrophoresis as described above. After electrophoresis, the gels were fixed with dimethyl sulfoxide and impregnated with 2,5-diphenyloxazole (PPO). The gels were then exposed on X-Omat AR X-ray film (Eastman Kodak, Rochester, N.Y.), and the films were scanned with a Hoefer densitometer to quantify cross-linked products.
Western immunoblot assays. The cross-linking protocols were carried out on purified nonradiolabeled Sindbis virus and run with 4 to 10% SDS-PAGE gels as described above. The gels were then equilibrated for 60 min in 25 mM Tris-192 mM glycine (pH 8.3) and then electrophoretically transferred to a GeneScreen membrane (Du Pont, NEN). The membranes were then blocked for 1 h with 10% nonfat dry milk-1% bovine serum albumin in PBS. The membranes were then incubated in blocking buffer containing 0.3% Tween 20 and the appropriate antisera (polyclonal antisera to whole virus or a polyclonal monospecific antiserum to either El or E2). After being washed five times, the membranes were labeled for 1 h with '25I-protein A (10 ,uCi/,g; Du Pont, NEN). The membranes were then washed five times with PBS, dried, and autoradiographed.
Trypsin and V8 protease treatment of virus. Removal of E2 from intact virus was performed by protocols described by Edwards et al. (11) . Aliquots of purified virus were treated with acid and then subjected to proteolytic digestion by trypsin treatment (3 x crystallized trypsin treated with L-[tosylamido-2-phenyl]ethyl chloromethyl ketone; Worthington Diagnostics; used at a 25-,ug/ml final concentration in PBS-D) for 3 h at 37°C. The trypsin reaction was then quenched with soybean trypsin inhibitor (final concentration, 100 ,ug/ml; Worthington) for 15 min, and the virus was then cross-linked with DTBP.
RESULTS
Characterization of an E1-E2 heterodimer. Analysis of the proteins of purified Sindbis virus by SDS-PAGE frequently detects protein bands with molecular weights higher than expected for virus protein monomers (30) . We have also identified a heterodimer (designated hdl; see figure 1), which is most likely equivalent to that described by Wahlberg and Garoff (35) and Ziemiecki and Garoff (41) , who report the isolation of an E1-E2 heterodimer from Semliki Forest Virus and Sindbis virus after solubilization with detergent. The fact that oligomers are stable even when subjected to the denaturing conditions of SDS-PAGE suggests that they may represent important substructures on the surface of intact virions. We found the stability of the heterodimer to be sensitive to repeated heating (100°C) and to DTT or 2-mercaptoethanol. This indicates that the heterodimer may be stabilized by disulfide bridges in the intact virus. Similar interactions sensitive to heat and thiol reagents are found between F proteins in Sendai virus (31) .
DTBP cross-linking of Sindbis virus. Since DTBP (span distance, 1.19 nm) is cleavable with thiol reducing agents, DTT and 2-mercaptoethanol were not used in the firstdimension gels or in sample buffers when analysis of crosslinked products was conducted. In the absence of reducing agents, monomeric El and E2 migrate to approximately the same position in SDS-PAGE, and the mobility of nonreduced oligomers formed from these monomers may also be altered.
Under neutral conditions, at all cross-linker concentrations tested, the multimers detected by DTBP (Fig. 1B dicted to induce various states of virus disassociation: (i) intact virions with incorporated detergent (0.24 mM), (ii) intact viral membranes free of nucleocapsids (0.78 mM), and (iii) monomeric and dimeric envelope protein-lipid-detergent complexes (1.5 mM). These disassociation states described by Helenius and Soderlund (18) were verified by sedimentation analysis (data not shown).
Virus treated with 0.24 mM Triton X-100 and then crosslinked at neutral pH with DTBP does not stabilize any additional multimers at the cross-linker concentrations tested (Fig. 1B) . Increasing the detergent concentration to 0.74 mM, which produces intact envelopes containing Triton X-100 that are free of nucleocapsids, produces hdl and hd2 and many distinct higher-molecular-weight multimers (Fig.   % (Fig. 1A) . When these oligomers were analyzed on a second-dimension gel in the presence of reducing agent to cleave the DTBP cross bridges, the 120-and 180-kDa bands, as well as smaller amounts of other oligomers, were found to contain only El (Fig. 2B ). This analysis identified the 120-kDa oligomer as a dimer of monomeric El and the 180-kDa oligomer as a trimer of El. Under acidic crosslinking conditions, DTBP was not able to detect E2-containing oligomers at any concentration. This indicates that lysine residues exposed on E2 must be more than 1.19 nm apart between E2s and between Els and E2s.
The addition of Triton X-100 (Fig. 1A) exposed to a pH of 5.3. This treatment does not alter the virus particle morphology, as shown by electron microscopy (la, 22) , and the intact membrane contains undigested El and the carboxy transmembranal tail of E2 (11, 22, 27) . The retention of morphology after removal of E2 would imply that El-El contacts are still intact in the virus lacking E2 ectodomain. Cross-linking virus that does not contain E2 does not affect the detection of dimers and trimers of El with DTBP (Fig. 4) . This indicates that near-neighbor contact between Els that generate El multimers is independent of E2 interactions within the icosahedral lattice.
SEGS cross-linking. Figure 5A shows the oligomers detected by reacting Sindbis virus with selected concentrations of SEGS (span distance, 1.6 nm) under neutral pH reaction conditions. The greatest number of resolvable oligomers was produced by treatments with 114 ,uM SEGS (Fig. 5A, lane  3) . At Fig. 3) .
A two-dimensional analysis (Fig. SB) run on an SDS-PAGE gel (4 to 10% acrylamide) in the first dimension and then soaked for 2 h in HN buffer (pH 8.2) containing 1 M hydroxylamine and 2% 2-mercaptoethanol. After the gel slice was equilibrated in electrophoresis stacking buffer for 1 h, the sample was placed across the top of an SDS-PAGE gel (10% acrylamide) and imbedded in SDS-3% polyacrylamide. All highermolecular-weight multimers contain both El and E2. In both panels, C indicates the capsid protein. 15 min, returned to pH 7.4, and then digested with 100 ,ug of trypsin per ml to remove E2 (C). The samples were then cross-linked with DTBP (lanes: 1, 100 mM; 2, 50 mM; 3, 25 mM). Numbers between panels B and C represent molecular masses in kilodaltons. the 114 ,uM SEGS-cross-linked virus was performed to determine the protein species present in the oligomers. All higher-molecular-weight species resolved in the first dimension were found by densitometer analysis to contain equal molar amounts of El and E2. This indicates that SEGS detects aggregates of El and E2, with the smallest being hd2 and the rest being oligomers of this heterodimer corresponding to di-, tri-, tetra-, and pentamers. Since the heterodimer is not found to form a distinct band exceeding approximately 580 kDa in molecular mass (a pentamer), it may be concluded that SEGS can stabilize hd2 associations in oligomers which form pentamers but does not cross-link oligomer (Fig. 5A ) or acidic conditions (data not shown) prior to cross-linking did not produce significant differences in the types of multimers formed (all of which contained El and E2) but did alter the amounts of resolvable heterodimer multimers. Acid exposure before cross-linking eliminated the ability to detect multimers larger than hdl. When detergent is added before cross-linking under neutral conditions, the amount of hd2 progressively decreases as the detergent concentration is increased. The amount of hdl increases as intra-and intermolecular contact points necessary for cross-linking the heterodimers into hd2 conformation are no longer available. These data indicate that E2s at the spike surface are within 1.6 nm of one another and are not interspersed with Els in the pentamer rings. The loss of detectable hd2 caused by acid and detergent pretreatment, along with simultaneous decreases in amounts of higher-molecular-weight multimers, may be due to the acid-induced conformational change in the heterodimer, which alters associations important for maintaining intrapentamer (and most likely intrahexamer) surface interactions.
Cross-linking of capsomeric units with SDST. Sindbis virus cross-linked with SDST (span distance, 0.6 nm) under acid (100, 50, or 25 mM) or neutral (12.5 or 6.25 mM) conditions stabilizes hdl into a heterodimer resistant to heat, SDS, and 2-mercaptoethanol (Fig. 6A) . The next higher-molecularmass oligomers detected by SDST are small amounts of a 200-kDa oligomer and two major bands between approximately 300 and 350 kDa. Western blot assays were performed (Fig. 6B) on the SDST-cross-linked samples by using polyclonal monospecific antisera produced against El or E2. hdl, as well as the higher-molecular-mass oligomers, was found to contain both El and E2. These data identify the bands at 300 to 350 kDa as trimers of heterodimers which may represent the basic capsomere in the Sindbis virus icosahedron. When virus was treated with Triton X-100 (as described above) prior to cross-linking with SDST, the higher-molecular-weight oligomers were no longer detected (Fig. 6A) (Fig. 7) .
This model is consistent with the computerized reconstructions of cryoelectron-microscopic images of the Sindbis virus surface produced by Vogel et al. (33) and by Fuller (13) . Each of the spikes resolved in the three-dimensional reconstruction produced by these authors corresponds to one of the trimeric aggregates of E1-E2 heterodimers shown in Fig. 7 .
Von Bonsdorff and Harrison (34) have shown that a hexagonal array of protomers (containing no pentamers) is maintained in membranes derived from Sindbis virus in which the underlying nucleocapsid is removed. This result shows that the icosahedral lattice on the virus surface is not dependent on the presence of the nucleocapsid and supports the view that interactions among virus envelope proteins play a role in arranging the icosahedron. The near-neighbor associations described in these experiments probably represent protein-protein interactions essential for organizing and maintaining the virus membrane structure.
Our data further suggest that El-E2 heterodimers (protomers) occupy two nonequivalent positions in the icosahedron. We erodimer, which we have designated hdl and hd2, in intact virus. The differences in migration exhibited by heterodimers composed of proteins with identical sequences is attributed to the ability of the cross-linker to lock heterodimers into specific conformations which have different SDS-binding and hydrodynamic characteristics and Stokes radii (24) . The different conformations detected, hdl and hd2, may reflect the positions of the heterodimers in the icosahedral lattice (fivefold versus twofold axis interactions [ Fig. 7] ) which fulfill the predictions of quasiequivalence. The disappearance of hd2 and appearance of hdl (Fig. 5) imply that hdl represents the "relaxed" conformation that exists between El and E2 subunits when they are not in the topologic constraint of an icosahedron. This infers that hd2 is metastable, as indicated by a requirement for cross-linking in the intact virion in order to detect the dimer in the hd2 conformation.
Trimers (capsomeres) of the basic heterodimer (protomers) are recovered as two distinctly migrating species after cross-linking with SDST (Fig. 6 ). These differences in migration reflect the possibility that these trimers contain different numbers of the two conformationally different heterodimers (hdl and hd2). Our model (Fig. 7) predicts that three of the trimers in each of the 20 faces would contain one copy of one of the heterodimers (involved in a pentamer) and two copies of the other heterodimer (involved in hexamers). The fourth trimer in the center of each face would contain only heterodimers involved in hexamers. Ideally, this would reveal a 3:1 ratio of vertex trimers to face-center trimers. Although accurate measures of such ratios require reagents which detect only hexamer and pentamer units, we do find that the ratio of these two species detected by SDST corresponds to approximately 3:1 (Fig. 6) .
The cross-linking of El homotrimers by DTBP ( Fig. 1 and  2) suggests that a capsomere with the El component of the heterodimers facing the center and the E2 components facing outward is the correct orientation of the protomers. The ability to detect El homotrimers with DTBP after removing E2 (Fig. 4) supports the contention that El-El interactions maintain the basic trimer. These data further suggest that El-El associations maintain trimers and link trimers between hexamers and pentamers in the icosahedron (Fig. 7) and that these interactions are sufficient for maintenance of the icosahedral lattice.-We cannot exclude the possibility that the transmembrane and cytoplasmic domain of E2 not removed by trypsin treatment participates in stabilizing the lattice. The absence of cross-linkable residues in this 40-amino-acid polypeptide of E2 precludes detection of any near-neighbor associations by the methods employed in this study (27, 28) .
The inability of SEGS to cross-link hdl or hd2 into hexamers (Fig. 5) indicates that the inter-E2 domains containing reactive lysine residues are available to SEGS only on members of the pentameric geometric units. Detergent treatments reveal that alternate lysine domains separate from the El trimer contact sites allow the cross-linking of El dimers within and between hexameric geometric units.
The identification of various morphological entities in the envelope of the Sindbis virus virion has important implications for the process of assembly and disassembly of the virus membrane. The basic disulfide-linked El-E2 promoter has been detected in infected cells (35, 42) , and the interaction of three of these protomers through disulfide-mediated El-El associations formed in the rough endoplasmic reticulum could generate the basic trimeric capsomere which is to be delivered to the plasma membrane (19) . At the plasma membrane, the presence of multiple copies of the trimer sets the stage for newly formed nucleocapsids to initiate envelopment (17, 19, 30) . The interaction of capsid protein with the cytoplasmic tail of E2 would organize the trimer into a position in the membrane corresponding directly to that of the underlying trimer of capsid protein. Interaction of neighboring capsid protein with the tails of other trimeric aggregates of El-E2 in the plasma membrane would bring the trimers into juxtaposition for E2-E2 interactions to generate the hexamers at the twofold edges of the icosahedron and pentamers at the vertices. Additional El-El associations would lock the subunits into the characteristic T= 4 icosahedral lattice (Fig. 7) .
